A new family of adaptive nonlinear filters that use fuzzy membership functions based on different distance measures is proposed for color image processing. The proposed filters constitute a fuzzy generalization of well known multichannel filters. The principle behind the new filters is explained and comparisons with other nonlinear filters are provided. Color images corrupted with different types of noise are used to assess the performance of the proposed filters, Simulation results indicate that the new filters offer some flexibility and have excellent performance.
INTRODUCTION
Filtering of multichannel images has recently received increased attention due to its importance in the processing of color images. Numerous filtering techniques have been proposed to date for multichannel image processing. Nonlinear filters applied to images are required to preserve edges and details, and remove impulsive and Gaussian noise.
It has been recognized by many researchers that vector processing is the most effective method available to filter, restore and detect edges on multichannel images1-. Nonlinear filters based on order statistics (OS) have been extensively used in the past to smooth and restore images corrupted by noise. Recently, a number of multichannel filters which utilize correlation among multivariate vectors using distance measures, have been proposed for image filtering. Among them are the Vector Median Filter (VMF)2 and the Vector Directional Filter (VDF). 3 Recently, fuzzy operators have been applied in the field of image processing. The local correlation in the data is utilized by applying fuzzy rules directly on the pixels which lie within the operational window. There is, however, no optimal way to determine the number and the type of fuzzy rules required for the fuzzy image operation. A large number of rules are usually required. 5 In this paper, a new class of filters is introduced. Fuzzy membership functions based on distance criteria are adopted to determine the weights of an adaptive filter.6 Our goal is to devise a simple, computationally efficient and flexible filter structure, which will deliver satisfactory results without making any assumptions about signal or noise characteristics.
The organization of the paper is as follows: In section 2 the general form of the proposed filter family is introduced. Motivation and design characteristics are discussed. Sectioii 3 overviews distance criteria and the corresponding fuzzy transformations. Applications to 1 -D signals are discussed in section 4. Experiments with color image applications and comparisons with other multichannel filters are reported in section 5. Finally, section 6 summarizes the conclusions.
ADAPTIVE MULTICHANNEL FILTERS
Let y(x) : Z1 -Z , denote a multichannel image and let W E Z' be a window offinite size n (filter length).
The noisy image pixels inside the window W are denoted by x , j 1 ,2, . . . , n.
The general form of the new class of adaptive filters is given as a fuzzy weighted average of the input vectors inside the window W. The uncorrupted multichannel signal is estimated by determining the center of gravity of the cluster of vectors inside the processing window,7 Therefore, the filter's output at the window center is:
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The weights of the filter are determined adaptively using transformations Of a distance criterion at each image position. These weighting coefficients are transformations of the sum of distanS between the center of the window (pixel under consideration) and all samples inside the filter window. The transformation has the meaning of member*hip function with respect to the specific window component. The proposed adaptive filter performs fuzzy clustering by selecting a single vector as the representative of all vectors inside the operational window. That constitutes a form of robust filtering since the filter eliminates possible outliers through the weighting process. The type of fuzzy transformation and the distance used determines the outcome of the fuzzy weight and the filter.
At edges and lines, the filter must only smooth pixels at the same side of the edge as the vector at the window center. The fuzzy weights in (2) represent the confidence that the vectors under consideration come from the same region. It is therefore reasonable to make the weights proportional to the difference, in terms of a distance measure, between a given vector and its neighbors inside the operational windoW. In this way, near the edges or in areas with high detail, the vectors with the relatively large distance values will be assigned smaller weights and will contribute less to the final filter estimate. Thus, edge or line detection operations prior to filtering can be avoided with considerable computational savings.
The filter can be viewed as an R-ordering based multichannel filter since distances inside the operational window are used, However, unlike any R-ordering based filter the distances are not used to rank the vectors. Rather, they are used to weigh the vectors, assigning negligible weights to the outliers. The structure in (1)- (2) has the familiar form of an adaptive filter, where the value of the noisy vector at the window center is replaced by a weighted average value of all the points inside the operational window. The proposed adaptive nonlinear structure has some similarities with the nonlinear structure proposed for gray-scale images in. 8 The filter structure in8 consists of a point-wise nonlinear function operating on the data, a network which sorts signals according to their magnitude, multiplication by constant coefficients and a reverse nonlinear point optio The final nonlinear operation is also present in the general adaptive design presented here. However, there are two fundamental differences. The choice of the nonlinearities and filter coefficients used there, are based on the kinds of noise which are assumed present. In the framework proposed here the weights are determined by fuzzy transformations based on features from local data. The fuzzy module extracts information without any a-priori knowledge about noise characteristics. In addition, the new structure is based on the concept of generalized ordering.9 The ordering procedure, if activated, is performed in a transform domain and is not applied directly to the input data. A feature extractor, here the fuzzy membership function, provides features that possibly can be ordered. In the sequence, normalization and/or ordering schemes are applied in the transform domain to determine the filters' weights.
The output of (1) provides a vector valued signal, which is not included in the original set of inputs. If, however, it is required that the output of the fuzzy, adaptive filter is part of the original input set, the following adaptive filter can be used instead:
In other words, we select as the output the input vector associated with the maximum normalized fuzzy weight. It must be emphasized that through the fuzzy membership function, the maximum fuzzy weight corresponds to the minimum distance6
The proposed framework combines elements from almost all known classes ofimage filters. Namely, it combines distance functions used in order statistic filters with averaging outputs used in linear filtering and data dependent coefficients used in adaptive filter designs. The fuzzy weights in (2) or (3) help the filter to transform inputs to outputs without any linguistic fuzzy rule, since they are determined only through the distance and the fuzzy transformation.
Depending on the distance criteria used and the transformations applied, a number of different adaptive filters can be devised.4 Although it is not clear how to select the appropriate distance-based weight, it is known from experimental results that its form is of paramount importance for the performance of the filter. In the next section, distance measures and fuzzy transformations used to construct the adaptive weights are discussed.
DISTANCES AND TRANSFORMS
We devote our attention to fuzzy transformations that are suitable for two important distance measures extensively used for nonlinear filter design. The objective in the design is to select an appropriate fuzzy transformation, so that the pixel with the minimum distance will be assigned the maximum weight.
The most commonly used distance measure is the generalized Minkowski norm (L metric),6 m d(i,j) = ( (x -x)I') ' (4) where rn is the dimension of the vector x,,. Several algorithms have been proposed applying to the cases of filters adopting either the L1 (City-Block) or the L2 (Euclidean ) metric.
The computationally intensive part of the adaptive algorithm in (2)-(3) or of any other multichannel algorithm based on order statistic is the distance calculation part. The high computational complexity of the Euclidean distance or higher Mznkowski norms is the major drawback of these kinds of filters.
Recently, a new norm based on a fast linear approximation of the Euclidean norm was proposed'°T he new L2a norm approximates the Euclidean norm by means of a linear combination of components. For vectors with positive components, such as in the case of color images the new distance is as follows:
where rn is the dimension of the vector x1 .. From its definition, it is evident that the proposed approximated distance measure is more computationally effective than the classical Euclidean norm, and can considerably reduce the computational complexity of the adaptive filter. Using this norm the scalar distance measure
is associated with the noisy vector x inside a filter window of length n. For such a distance the appropriate membership function has an exponential (Gaussian-like) form12:
where r is a positive constant, and is a distance threshold. The actual values of the parameters vary with the application. The above parameters correspond to the denominational and exponential fuzzy generators controlling the amount of fuzziness in the fuzzy weight. It is obvious that since the distance measure is always a positive number, the output of this fuzzy membership function lies in the interval [0, 1] . The fuzzy transformation is such that the higher the distance value is, the lower the fuzzy weight becomes. It can easily be seen that the membership function is one (maximum value), when the distance value is zero and becomes zero (minimum value), when the distance value is infinite.
PROPERTIES
It must be emphasized that the adaptive filter framework can be applied in any multichannel signal and any multivariate data with a spatial domain. The most common multichannel filtering problem, however, is that of color image filtering. Therefore, in this section, we also outline some basic properties that make the filters suitable for color image processing. We confine ourselves to the adaptive filter defined in (3) mainly due t its amenability for mathematical treatment.
Properly I: Invariance under scaling and rotation
The criterion used in (3) to single out one vector is the exponential transformation of the Euclidean norm or its approximation. From (4)-(6) it can easily be seen that the metrics under consideration do not depend on the scale and provide the same results for any rotation of the coordinate system. Furthermore, both the Euclidean distance and its approximation are invariant to the addition of a constant bias term. Thus, the addition of a constant vector could not change the decision process in (3).
Properly II: Preservation of step edges
The use of nonlinear filters in multichannel image processing is motivated primarily by the good performance of the filters near edges and other sharp signal transitions. Edges are basic features of images, which carry valuable information, useful in image analysis and object classification. Therefore, any nonlinear processing operator is required to preserve edges and smooth noise without altering sharp signal transitions. It is easy to establish that a step edge is a root signal of the adaptive filter defined in (3) . An illustrative example is depicted in Fig. 1 . A window with size 5 is centered around the vector x4. Calculating the distances among the vectors it can be seen from the position of the vectors in the diagram that d5 < d4 < d6 < d3 = d2, since the vectors x4 , X5 and X6 are parallel. Using the transformation in (3) the higher weights will be the ones associated with these vectors. It is obvious that the filter will discard the vectors x3 and x2.
resulting in the preservation of the vector edge.
For the adaptive filter in (1) we cannot use the same methodology to justify the edge preservation property. Thus, a simple example is introduced to illustrate the effectiveness of the proposed algorithms in filtering operations near noisy edges.
In this example, a step edge of height 2, for a two channel invariant signal corrupted by additive mixed Gaussian noise, is used.
•The signal's description is: il(t)=+tiY(t) (9) with • Hypothesis I:
(1. if t > 45 and = ii(t)vl(t) + (I -il(t))Vj(t) (10) where il(t) = u(t)122,i and u(t) is a random number uniformly distributed over the interval [0, 1]. The v01(t) is from a Gaussian distribution with zero mean and covariance O•OS'2x2 and v(t) is Gaussian with zero mean and covariance O2512r2'
A operational window of size N = 5 was used in the experiment. Results are shown in Fig.2 , where the curves denote (i) the actual signal, (ii) the noisy input, and in Fig. 3 , where (iii) the output of the filter devised from (2) with sum of L2a norm as distance criterion and parameters $ = 1, r = 0.25 in (8) (iv) the output of the median filter and (v) the output of the arithmetic mean filter are depicted.
From the above experiment the following conclusions can be drawn:
1. The median algorithm works better near the sharp edges.
2. The mean filter works better than the median for the homogeneous signal.
3. The proposed adaptive algorithm can suppress the noise in homogeneous regions much better than the vector median filter and can preserve edges better than the simple averaging (mean) filter.
APPLICATIONS TO COLOR IMAGES
Color image processing has become an important area in multichannel image processing. This is mainly due to the numerous real-life applications of color image processing. 4 In this article, new fuzzy filters from the proposed general classes are evaluated using a color test image. Their performance is compared against the performance of widely used multichannel processing filters, such as the Vector Median Filter (VMF), which is based on the L1 norm, the Arithmetic Mean Filter (AMF) and chromaicity-based filters, such as the Basic Vector Directional Filter (BVDF), the Generalized Vector Directional Filter (GVDF)3 and the Directional-Distance Filter (DDF).13 Two adaptive multichannel filters are used for comparison purposes. Namely, the . AFVF1 with fuzzy weights of w2 = exp[-d(j)°25J in (2) and sum of L2 norm as distance criterion.
. AFVF2 with fuzzy weights of wj = exp[-d(j)°25J in (3) and sum of L2a norm as distance criterion.
The test image selected for the comparison is the color version of 'Lenna', The test image has been contaminated using various noise source models in order to assess the performance of the filters under different noise distributions ( see Table 1 ). The normalized mean square error (NMSE) has been used as quantitative measure for evaluation purposes. It is computed as:
where Ni N2 are the image dimensions, and y(i,j) and (i,j) denote the original image vector and the estimation at pixel (i, i) respectively. Table II summarizes the results obtained for the test image 'Lenna' for a 3X3 filter window. The results obtained using a 5X5 filter window are given in Table III .
In addition to the quantitative evaluation presented above, a qualitative evaluation is necessary since, ultimately, the visual assessment of the processed images is the best subjective measure of any method's efficiency. Therefore, we present sample processing results in Figs. 4, 5. Fig. 4a shows the color 'Lenna' image corrupted with (4%) impulsive noise, Fig. 4b shows results of the AFVF2 filter. Similarly, Fig. 5a shows the color 'Lenna' image corrupted with Gaussian noise (o' = 15) mixed with (2%) impulsive noise. Fig. 5b presents again the result of the same filter.
From the results summarized in the tables, it can be easily seen that the adaptive filter based on the approximate norm behaves as good as the filter based on the exact Euclidean norm for a 3x3 processing window. Although the performance of the filter based on the approximation norm is somewhat inferior to that of the filter based on the exact norm for the case of a 5x5 window, the computational savings introduced from the approximation 'outweigh' the loss of performance. However, both filters outperform other widely used multichannel filters in noise attenuation for both impulsive and correlated Gaussian noise.
CONCLUDING REMARKS
A new class of adaptive multichannel filters which utilize fuzzy weights to determine the filter output have been introduced in this paper. These adaptive filters combine, in a novel way, distance functions, fuzzy membership values and weighted mean designs. Experimental simulation results have demonstrated the efficiency of the proposed filters for noise removal in color images. In addition, visual assessment of the processed images indicates that the new filters preserve the chromaticity component which is very important in visual perception of color images. SP1E Vol. 2727/ 1275 Fig. 4b, AFVF2 of (la) using 3X3 window.
